We have demonstrated that the purified guanine nucleotide exchange factor (GEF) may be isolated as a complex with NADPH. Complete inhibition of the GEFcatalyzed exchange of eukaryotic initiation factor 2-bound GDP for GTP was observed in the presence of either 0.5-0.75 mM NAD+ or NADP+. Incubation of GEF with ATP results in the phosphorylation of its Mr 82,000 polypeptide. This phosphorylation is strongly inhibited by heparin but is not affected by heme or H8 {N-[2-(methylamino)ethyl]-5-isoquinolinesulfonamide dihydrochloride}, an inhibitor of cAMP-and cGMPdependent protein kinases and protein kinase C. The purification of GEF was modified to eliminate any contaminating kinase activity and the isolated protein appears to be homogeneous as judged by NaDodSO4/polyacrylamide gel electrophoresis and silver staining. The Mr 82,000 subunit of GEF is phosphorylated only upon addition of ATP and casein kinase II. The extent of phosphorylation is =0.55 mol of phosphate per mol of GEF, and this results in a 2.3-fold increase in the guanine nucleotide exchange activity. Following treatment of the phosphorylated GEF with alkaline phosphatase, the activity of the protein is reduced by a factor of 5. Rephosphorylation of GEF increases its specific activity to that of the phosphorylated protein. The results of this study suggest that phosphorylation/dephosphorylation of GEF plays a role in regulating polypeptide chain initiation.
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During the initiation of protein synthesis in eukaryotic cells, the formation of a ternary complex [eIF-2-GTP-Met-tRNAf; where eIF-2 is eukaryotic initiation factor (eIF) 2] is followed by the transfer of this complex to a 40S ribosomal subunit (1, 2) . Upon joining the 60S subunit to give the complete 80S initiation complex, GTP is hydrolyzed, and eIF-2 is released as the eIF-2-GDP binary complex (3, 4) . In mammalian systems, this binary complex is stable in the presence of Mg2+ and is functionally inactive (5) (6) (7) . Regeneration of the eIF-2-GTP Met-tRNAf species requires the guanine nucleotide exchange factor (GEF), which facilitates nucleotide exchange and recycling of eIF-2 (7) (8) (9) (10) . Phosphorylation of the a subunit of eIF-2 [eIF-2(a)] by either the hemecontrolled repressor (4, 11) or the double-stranded RNA induced kinase (12, 13) is associated with the cessation of protein synthesis and is due to the inability of GEF to catalyze the GDP/GTP exchange from eIF-2(a-P)-GDP (8, 10, 14) . Studies from this laboratory have demonstrated that the redox state of the cell may also influence GEF activity (15) .
Phosphorylation plays a major role in the regulation of eukaryotic protein synthesis. Initiation factors, ribosomal proteins, messenger ribonucleoprotein particles, and aminoacyl-tRNA synthases have been shown to be modified by phosphorylation (16) (17) (18) (19) (20) (21) (22) . In addition to eIF-2(a), the phosphorylation of other initiation factors [eIF-2(p8), eIF-4B, and eIF-4F] has been reported in vivo under conditions of heat shock (19) and of nutrient deprivation (20) and in vitro by cAMP-independent kinase (21) . In contrast to eIF-2(a) phosphorylation, which inhibits protein synthesis, the alteration in activity of the other initiation factors due to phosphorylation is not well understood.
The covalent modifications of the GEF either in vivo or in vitro have not been studied. We demonstrated (15) that GEF contains tightly bound NADPH and that oxidized pyridine dinucleotides at 0.5-0.75 mM abolish the ability of the factor to catalyze the exchange of eIF-2-bound GDP for GTP. In this communication, we report that the phosphorylation of the Mr 82,000 subunit of GEF by ATP and casein kinase II results in an increase in the activity of the factor. Following treatment of the phosphorylated GEF with alkaline phosphatase, the activity of the protein is reduced by a factor of 5. A preliminary account of this study was reported (23) .
METHODS
Factor Preparation. Rabbit reticulocyte lysates were obtained from Green Hectares (Oregon, WI). eIF-2 and GEF were prepared in buffers containing 20 mM Tris HCl (pH 7.5), 0.05 mM EDTA, 2 mM dithiothreitol, 10% (vol/vol) glycerol, and KCl as indicated (buffer A). eIF-2 was purified to apparent homogeneity from the 0.5 M KCI wash of rabbit reticulocyte ribosomes as described (24) . GEF was purified from the postribosomal supernatants by chromatography on DEAE-cellulose and phosphocellulose, fractionation on glycerol gradients, and chromatography on Mono S and Mono Q ion-exchange columns (Pharmacia) as described (15 (27) .
Abbreviations: GEF, guanine nucleotide exchange factor; eIF, eukaryotic polypeptide chain initiation factor; eIF-2(a) and eIF-2(p), a and p8 subunits of eIF; H8, N-[2-(methylamino)ethyl]-5-isoquinolinesulfonamide dihydrochloride. *To whom reprint requests should be addressed.
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Protein kinase C was generously provided by Katherine Albert from the laboratory of Paul Greengard (The Rockefeller University, New York).
Assays. Phosphorylation of GEF by casein kinase II (26), heme-controlled repressor (27) , or protein kinase C (28) was carried out with [y-32P]ATP (2000 cpm/pmol) as described. The phosphorylated samples were analyzed by NaDodSO4/ polyacrylamide gel electrophoresis followed by autoradiography (26) . The gels were either silver stained (29) or stained with Coomassie brilliant blue R-250 (24) . For quantitation of phosphorylation, the polypeptide bands were excised and soaked in Uni/verse LSC mixture (J. T. Baker Chemical), and radioactivity was measured in a liquid scintillation counter (26) (Fig. 1) . A 2.3-fold increase in GEF activity was observed when the phosphorylation of the protein was first carried out and then followed by the guanine nucleotide exchange assay ( Table 1) . The GEF-catalyzed release of eIF-2-bound GDP is dependent on the presence of added guanine nucleotides (GDP or GTP), and the addition of ATP alone had no effect on the release of GDP (Table 1) .
To characterize the kinase responsible for phosphorylating GEF, the effect of various inhibitors was studied (Fig. 1) (26) , and samples were analyzed by NaDodSO4/polyacrylamide gel electrophoresis followed by autoradiography. Lane 1 shows a Coomassie brilliant blue R-250 stained gel, and lanes 2-6 show an autoradiogram of the gel. staining (Fig. 2) . The incubation of the purified factor with [y-32P]ATP did not result in its phosphorylation (Fig. 2) , confirming that the kinase activity was removed by the modified procedure. GEF prepared by method 2 was used in the remainder of the studies.
The effect of the heme-controlled repressor, protein kinase C, and casein kinase II on GEF phosphorylation was next investigated with the purified factor. As illustrated in Fig. 2 Rephosphorylated GEF GDP 11.1 4.8 In the absence of GEF, the nucleotides had no effect on the exchange reaction, and there was no exchange catalyzed by GEF in the absence of added GDP or GTP. GEF used in experiment 1 was purified as described (16) in the Vm.. of the guanine nucleotide exchange reaction (data not presented). Treatment with alkaline phosphatase of the phosphorylated GEF decreased its specific activity 5-fold, and rephosphorylation by casein kinase II restored it to the level of phosphorylated factor (Table 1) .
DISCUSSION
In the present study we have demonstrated that GEF isolated from rabbit reticulocytes may be phosphorylated by casein kinase II. Phosphorylation results in an increase in the specific activity of GEF. This activation is reversed by treatment of GEF with alkaline phosphatase. The increase in activity upon phosphorylation has not been reported for any other polypeptide chain initiation factor. GEF is equally phosphorylated by casein kinase II isolated from either rabbit reticulocytes or Artemia. Although GEF is size-fractionated by glycerol-gradient centrifugation during purification, the kinase is nevertheless associated with the factor preparation ( Fig. 1) , suggesting a possible association of the kinase with its substrate. The specific activity of the dephosphorylated GEF is half that of the isolated factor and one-fifth of the phosphorylated form. These results, with the observations that the stoichiometry of GEF phosphorylation increases The reaction mixture for lane 6 contained GEF phosphorylated with casein kinase II, which was further incubated with 2 units of mammalian alkaline phosphatase for 30 min at 37°C. The incubations were terminated and analyzed as described in Fig. 1 . Lane 1 shows a silver-stained gel, and lanes 2-6 show an autoradiogram of the gel.
after its dephosphorylation, suggest that the factor is partially phosphorylated when isolated from reticulocyte lysates.
Casein kinase II has been identified in the nucleus and the cytoplasm of a wide variety of eukaryotic organisms and shown to phosphorylate a number of endogenous substrates (16, 25) . A role for the kinase in integrating cell metabolism was postulated on the basis that the enzyme may regulate the phosphorylation of a number of proteins in different metabolic pathways (25) . The enzyme is inhibited by heparin (25) and stimulated by monovalent cations and polyamines. The characterization of GEF as a phosphoprotein represents further evidence that translation may be regulated by the phosphorylation state of the initiation factor. Other polypeptide initiation factors modified by phosphorylation include eIF-2, eIF-4B, and eIF-4F. The inhibition of protein synthesis resulting from eIF-2(a) phosphorylation has been extensively investigated (4, 8, 10, 11) . eIF-4B and eIF-4F are dephosphorylated during heat shock (19, 32) and under other conditions of translational repression (19, 20) , implying that phosphorylation of these factors may be required for optimum activity. Similarly, the change in the phosphorylation state of the B subunit of eIF2 [eIF-2(8)] under conditions of heat shock (19) and nutrient deprivation (20) has also been reported. The nature of the kinase phosphorylating eIF-4F and the effect of this phosphorylation is still being explored (32-34). eIF-2(8) is phosphorylated in vitro by casein kinase II (21, 22, 24, 26 ), but little is known about the role of this phosphorylation (22) . The modification of GEF and eIF-2(J3) Biochemistry: Dholakia by casein kinase II and eIF-2(a) by the heme-controlled repressor demonstrates the existence of two distinct phosphorylation/dephosphorylation mechanisms that have opposite effects on polypeptide chain initiation. The observation that both eIF-2(p8) and GEF are phosphorylated by the same kinase may indicate a role for casein kinase II in the interaction of these two proteins. The results presented in this communication critically address only the effect of GEF phosphorylation on nucleotide exchange reaction. Experiments were designed to demonstrate that the increase in nucleotide exchange was not the result of eIF-2(q3) phosphorylation. These controls were performed with GEF reisolated after phosphorylation and nucleotide exchange was assayed with GDP to prevent phosphorylation of eIF-2(J3). Phosphorylation of the Mr 82,000 subunit of GEF may alter its association either with the other subunits of the GEF complex or with eIF-2. Specific antibodies to the Mr 82,000 subunit of GEF can be used to study the changes in the phosphorylation state of GEF under various conditions of translational repression. The phosphorylation/dephosphorylation of GEF may constitute an exciting unexplored locus of translational control.
